The intracellular pathogen Legionella pneumophila modulates the activity of host GTPases to direct the transport and assembly of the membrane-bound compartment in which it resides [1] [2] [3] [4] [5] [6] . In vitro studies have indicated that the Legionella protein DrrA post-translationally modifies the GTPase Rab1 by a process called AMPylation 7 . Here we used mass spectrometry to investigate post-translational modifications to Rab1 that occur during infection of host cells by Legionella. Consistent with in vitro studies, DrrA-mediated AMPylation of a conserved tyrosine residue in the switch II region of Rab1 was detected during infection. In addition, a modification to an adjacent serine residue in Rab1 was discovered, which was independent of DrrA. The Legionella effector protein AnkX was required for this modification. Biochemical studies determined that AnkX directly mediates the covalent attachment of a phosphocholine moiety to Rab1. This phosphocholine transferase activity used CDP-choline as a substrate and required a conserved histidine residue located in the FIC domain of the AnkX protein. During infection, AnkX modified both Rab1 and Rab35, which explains how this protein modulates membrane transport through both the endocytic and exocytic pathways of the host cell. Thus, phosphocholination of Rab GTPases represents a mechanism by which bacterial FICdomain-containing proteins can alter host-cell functions.
Legionella pneumophila is an intracellular pathogen that translocates proteins called effectors into the host-cell cytosol using a type IV secretion system called Dot/Icm 8 . The Legionella protein DrrA (also known as SidM) is an effector that targets the host GTPase Rab1 (refs 1-3, 5) . Initially identified as a Rab1-specific guanine nucleotide exchange factor (GEF), recent studies showed that the amino-terminal region of DrrA has structural similarity to glutamine synthetase adenylyl transferase (GS-ATase) and shares the catalytically important sequence motif G-X 11 -D-X-D, which enables DrrA to AMPylate the Tyr 77 residue in the class II switch region of Rab1B 7 . To determine if the in vitro activity described for DrrA is biologically relevant we examined whether the endogenous DrrA protein mediates Rab1 AMPylation when delivered into host cells during Legionella infection.
Cells were infected with a strain of Legionella that has a functional Dot/Icm system that delivers effectors into host cells (wild type) or an isogenic DdotA mutant that has a non-functional Dot/Icm system, and Rab1 protein was analysed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) ( Fig. 1a ). Two different modifications in the switch II region in Rab1 were detected after infection with wildtype Legionella. A fragment that corresponded to an AMPylated TITSSYYR peptide (mass to charge ratio, m/z 5 660.5) was detected. Unexpectedly, a form of this peptide with an unknown moiety of 183 Da (m/z 5 578.5) was also detected (Fig. 1a ). The DdotA mutant revealed that both modifications required the delivery of effector proteins into host cells during infection. Thus, Rab1 is modified during Legionella infection by AMPylation and by a second unknown posttranslational mechanism.
Cells were infected with mutant strains of Legionella deficient in effectors that could be involved in AMPylation of Rab1. In addition to the DdrrA mutant, a DankX mutant of Legionella was examined. The AnkX protein contains a FIC domain, which for other bacterial effectors has been shown to have an enzymatic activity that promotes the AMPylation of small GTPases [9] [10] [11] [12] [13] . When microinjected into mammalian cells the AnkX protein disrupts membrane transport in the secretory pathway and interferes with the sorting of transferrin from early endosomes, consistent with AnkX being an effector that disrupts the activities of host membrane transport proteins, potentially by Rab AMPylation 14 .
Rab1 AMPylation was not detected in the samples isolated from cells infected with the DdrrA mutant, indicating that DrrA is the primary effector mediating Rab1 AMPylation in vivo (Fig. 1a ). The unknown modification (m/z 5 578.5) was detected after infection with the DdrrA mutant, but was not detected after infection with the DankX mutant. Thus, the unknown modification to Rab1 that occurs during infection requires AnkX. Defects in Rab1 modifications exhibited by these Legionella mutants were complemented upon the introduction of plasmids that restored DrrA and AnkX production ( Supplementary Fig. 1a ). MS/MS analysis revealed that the unknown 183 Da moiety was attached to Ser 79 of Rab1A, adjacent to the Tyr 80 residue AMPylated by DrrA ( Fig. 1b ). These residues correspond to Ser 76 and Tyr 77 in Rab1B.
Purified DrrA radiolabelled GST-Rab1 in vitro when 32 P-a-labelled ATP was used as a substrate, but no labelling was detected using 32 P-clabelled ATP, validating that DrrA mediates the attachment of AMP to Rab1 (Fig. 1c ). The structurally distinct N-terminal region of DrrA was sufficient for AMPylation 3, [15] [16] [17] , and no AMPylation activity was detected for DrrA(340-533) or the DrrA(D110A,D112A) variant having the G-X 11 -D-X-D adenylyl transferase domain inactivated. The effector AnkX was unable to efficiently AMPylate Rab1, the GTPlocked Rab1(Q70L) variant or the GDP-locked Rab1(S25N) variant, indicating that purified AnkX does not have robust Rab1 AMPylation activity (Fig. 1c ).
The nature of the unknown modification to Rab1 requiring AnkX was investigated further. Cells were transfected with a plasmid encoding either AnkX or the variant AnkX(H229A), which has the essential histidine residue in the FIC domain changed to alanine. Roughly 70% of the Rab1 isolated from cells producing AnkX had the 183 Da moiety attached, whereas Rab1 isolated from cells producing the AnkX(H229A) protein was unmodified ( Fig. 2a ). Thus, AnkX is both necessary and sufficient to promote a novel post-translational modification to Rab1 by a process that requires a functional FIC domain.
For molecules ,200 Da, the elemental composition can often be determined from a highly accurate mass measurement 18 . Highresolution MS measurements obtained for the modified Rab1 peptide isolated from cells producing AnkX revealed that the moiety attached to the Ser 79 residue had an accurate mass of 183.0661 Da (Supplementary Fig. 1b ). This moiety did not match any known posttranslational modifications, but when a metabolite database (http:// metlin.scripps.edu) was searched a near perfect match was made to the molecule phosphocholine, which has an exact mass of 183.0660 Da. The protonated moiety attached to the Rab1 peptide was selected and further dissociated by multi-stage MS analysis (MS/MS/MS). The fragments generated were of the sizes predicted for phosphocholine ( Fig. 2b ) and matched the MS/MS spectrum obtained following dissociation of a phosphocholine standard ( Supplementary Fig. 2 ), suggesting that Rab1 is phosphocholinated by AnkX.
If AnkX were functioning directly as a phosphocholine transferase, the host molecule most likely to be used as a substrate in this reaction would be CDP-choline, which is an intermediate used to synthesize phosphatidylcholine 19 . Indeed, phosphocholination of Ser 79 on Rab1 was detected for in vitro reactions containing CDP-choline and AnkX, but not in reactions containing DrrA (Fig. 2c ) or the AnkX(H229A) protein ( Supplementary Fig. 3 ). Increasing the amount of AnkX in the in vitro reaction resulted in higher levels of phosphocholinated Rab1 
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being detected by anti-phosphocholine immunoblot analysis (Fig. 2d) , validating that Rab1 is phosphocholinated by AnkX. Phosphocholinated proteins in the size range of Rab GTPases were detected in lysates from cells producing AnkX and were not observed in lysates from cells producing AnkX(H229A) ( Supplementary Fig. 4a ). Phosphatidylinositol 4-phosphate and phosphatidic acid levels were not affected in cells producing AnkX, suggesting that there is no indirect effect on phospholipid metabolism ( Supplementary Fig. 4b ). The intracellular pathogen Coxiella burnetii translocates a FIC-domain effector called CBU_2078 into host cells 20 . Although proteins reacting with the anti-phosphocholine antibody were found in the size range of small GTPases from cell lysates producing CBU_2078, there was no evidence of Golgi fragmentation or endosome enlargement in these cells ( Supplementary Fig. 4a, c) . Thus, defects in host membrane transport in AnkX-producing cells probably results from phosphocholination of a specific subset of Rab GTPases, although it cannot be excluded that CDP-choline consumption might augment these effects.
The repertoire of Rab proteins that could be modified by Legionella effectors in vivo was investigated. Modifications to the Rab5 protein were not detected in cells producing either AnkX or DrrA (Supplementary Fig. 5 ). DrrA mediated the AMPylation of Rab6 on Tyr 82, but phosphocholination of Rab6 mediated by AnkX was not detected ( Fig. 3a and Supplementary Fig. 5 ). Rab35 is a Rab1 family member that regulates the sorting of cargo from early endosomes, and interfering with Rab35 function results in enlarged early endosomes 21 . Importantly, specific perturbations in Rab35 function result in a cellular phenotype that closely mirrors the defects in endosome morphology observed in cells microinjected with purified AnkX 14 . Phosphocholinated Rab35 was detected in samples isolated from cells producing AnkX, and AMPylated Rab35 was detected from cells producing DrrA (Fig. 3b ). During infection, phosphocholination of Rab35 required AnkX and AMPylation of Rab35 required DrrA (Fig. 3c) . Thus, AnkX has specificity for Rab1 family members.
To test whether previously described cellular disruptions mediated by AnkX required the FIC-domain-dependent phosphocholine transferase activity (Fig. 4a) , cellular phenotypes mediated by AnkX and the AnkX(H229A) mutant were compared. Disruption of the Golgi apparatus and a block in secretion of host alkaline phosphatase into the culture supernatant were observed in cells producing AnkX but not in cells producing AnkX(H229A) ( Fig. 4b and Supplementary Fig. 7) . Importantly, when the Ser 79 residue in Rab1 was changed to alanine, the variant protein was no longer phosphocholinated by AnkX (Supplementary Fig. 8a) ; however, Rab1(S79A) interfered with secretion of alkaline phosphatase when produced in cells ( Supplementary Fig. 8b) .
Thus, AnkX is targeting a residue in Rab1 that is critical for function. There was a significant increase in the number of cells containing enlarged early endosomes in cells producing AnkX compared to cells producing AnkX(H229A) ( Fig. 4c and Supplementary Fig. 7) , consistent with the function of Rab35 being perturbed by phosphocholination. 
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Because GEF proteins are essential for Rab activation, the effect of phosphocholination on the binding of Rab-specific GEFs was analysed. The eukaryotic connecdenn proteins are the only known GEFs for Rab35 and are required for Rab35 function in vivo 21 . A pronounced defect in binding of connecdenn was observed for phosphocholinated Rab35 isolated from cells producing AnkX (Fig. 4d ), which would explain why AnkX overproduction mimics the cellular phenotype observed when connecdenn has been silenced in mammalian cells 21 . By contrast, there was no defect in the binding of phosphocholinated Rab1 with the GEF domain of DrrA (Fig. 4e) , similar to what has been observed for DrrA interactions with AMPylated Rab1 (ref. 7) . Thus, post-translational modifications mediated by the effectors AnkX and DrrA modulate the function of Rab GTPases during infection by tailoring the repertoire of proteins that interact with the modified GTPase.
The characterization of DrrA and AnkX provides an example of Legionella having structurally distinct proteins with different biochemical activities that modulate the function of host vesicle transport proteins similarly. This concept of functional redundancy has been postulated but not shown clearly. The differences observed in the in vivo specificities shown by these two effectors, however, demonstrate that they are also likely to have roles in modulating Rab protein functions that do not overlap, which could explain why positive selection has led to the emergence of two different pathways to modify Rab protein function through post-translational modification.
The reaction mediated by AnkX has similarities to the AMPylation reaction demonstrated for other FIC domain proteins. Both reactions use a nucleotide-based substrate as the donor molecule that mediates the post-translational modification process ( Supplementary Fig. 9 ). Interestingly, in the AMPylation reaction, hydrolysis of the phosphoanhydrous bond results in protein modification by the 59-ribonucleotide of the donor substrate, whereas in the phosphocholination reaction the 59-ribonucleotide is presumably released and the phosphocholine group is transferred to the polypeptide chain.
There are several examples of occasions where post-translational modifications introduced by bacterial toxins or effectors-which were thought to be the exclusive domain of pathogens-were discovered to represent mechanisms used to regulate eukaryotic cell functions. Curiously, the inclusion of a phosphocholine moiety in a protein structure has been indicated previously by studies examining peptides secreted by nematodes and from mammalian cells residing in the placenta 22, 23 . Thus, protein phosphocholination may also be used by eukaryotic organisms to modulate cellular functions.
METHODS SUMMARY
MS/MS analysis of Rab GTPases was conducted on immunoprecipitated proteins that were fractionated by SDS-PAGE, digested with trypsin in the gel, and extracted peptides were separated using nano-LC and electrosprayed directly onto a linear ion trap mass spectrometer (LTQ Velos, ThermoElectron) for MS and MS/ MS analysis. All biochemical assays were conducted using purified proteins as described in Methods. The antibody TEPC-15 (Sigma) was used to detect phosphocholinated proteins by immunonoblot analysis.
